Zeocin is a member of the bleomycin/phleomycin family of antibiotics, known to bind and cleave DNA. We established human SK-OV-3 cells that stably express the Zeocin resistance gene (Sh ble) using an ecdysone-inducible mammalian expression system. Surprisingly, our results demonstrated that Zeocin, added in the culture medium to maintain the expression of the ecdysone receptor, was responsible for the formation of DNA strand breaks in the recombinant cells. This suggests that the Zeocin is not completely detoxified and is still able to cleave DNA, despite the stable expression of the Sh ble gene in the recombinant clones. Our study indicates that one needs to be very cautious in the interpretation of data involving stable cell lines selected with Zeocin.
Introduction
Mammalian cells have evolved a number of repair pathways to deal with the various types of DNA damage and to maintain genomic integrity (1) . The double strand break (DSB) is generally regarded as the most toxic of all DNA lesions. DSBs arise spontaneously during normal DNA processing, such as DNA replication, meiosis and immunoglobulin gene rearrangement (2) and can be induced by a variety of DNA-damaging agents, including ionizing radiations (IR) (3) and radiomimetic drugs, such as bleomycin (4) . DSBs trigger the activation of specific checkpoint signaling pathways that transduce the appropriate biological responses, including cell cycle arrest, DNA repair and apoptosis (5) . The two main mechanisms of DSB repair are non-homologous end joining (NHEJ) (6) and homologous recombination (HR) (7) . Generally, HR is considered error-free and most active in the late S and G2 phases (8) . It appears to involve a large number of proteins, including Rad51, Rad52, Rad54, BRCA1, BRCA2, the Rad51 paralogues and the Mre11/Rad50/Nbs1 (MRN) complex (9) . In addition, the involvement of the tumor suppressor p53 in HR has been demonstrated by a number of studies (10--12) . As a matter of fact, cells containing the mutant forms of p53 or missing p53 often show increased rates of HR (13, 14) . In order to extend these studies, we decided to examine the involvement of p53 in the repair of DNA strand breaks in isogenic cell lines, by establishing a system that can inducibly express wild-type p53 in p53-null human ovarian cancer SK-OV-3 cells (15) . For that purpose, we used the pIND and pVgRXR vectors, which are components of an ecdysone-inducible mammalian expression system, to select for stable transfectants (16) . Selection of transfectants is permitted by the neomycin resistance gene in pIND, and the Zeocin resistance gene in pVgRXR. We thus established recombinant SK-OV-3 Zeo R G418 R cells that stably express the ecdysone receptor and the wild-type p53 gene cloned into pIND in an ecdysone-inducible system. Using this isogenic system, we analyzed the formation and repair of strand breaks induced by ionizing radiations at the level of the ribosomal gene (rDNA). We detected total single strand breaks (SSB) as alkaline sensitive sites in this fragment, using alkaline agarose gel electrophoresis followed by Southern blot analysis, as described previously (17, 18) . DSBs were detected in the rDNA region using neutral gel electrophoresis and Southern blot analysis. Surprisingly, we found that the initial yield of total strand breaks and DSBs was abnormally elevated in all the recombinant cell lines. Our results demonstrated that the antibiotic Zeocin, a bleomycin analogue added in the culture medium to maintain the expression of the ecdysone receptor, was mainly responsible for the formation of these strand breaks. Zeocin causes cell death by directly intercalating into the DNA and cleaving it predominantly through reactive radicals. Resistance to Zeocin is conferred by the Sh ble gene, which encodes a protein that binds to the antibiotic and prevents it from binding DNA (19) . Thus, our data suggest that Zeocin is not completely detoxified and is still able to cleave DNA, despite the stable expression of the Zeocin resistance gene in recombinant Zeo R SK-OV-3 clones, and are of importance in studies using this antibiotic.
Materials and methods

Cell line
Human ovarian cancer SK-OV-3 cells were obtained from the American Type Culture Collection (ATTC) and were cultured in RPMI 1640 medium supplemented with l-glutamine (2 mM), streptomycin (100 mg/ml), penicillin (100 U/ ml), insulin (0.2 U/ml) and 10% fetal bovine serum (all from Life Technologies, Inc.). Cells were maintained at 37 C in a 5% CO 2 humidified atmosphere and were in exponential phase at the time of irradiation.
Establishment of an inducible system and stable recombinant cell lines
Before transfection, we determined the optimal Zeocin concentration for selection of SK-OV-3 transfectants using a kill curve. After plating SK-OV-3 cells, Zeocin was added at concentrations ranging from 100 to 800 mg/ml for up to 3 weeks. Fresh medium and antibiotic were added every 3 days. The dose of 500 mg/ml Zeocin killed all cells by day 15. No spontaneously resistant colonies appeared at this concentration after 3 weeks. All transfections were achieved using 40 mg/ml Polybrene (Sigma) as described previously (20) . SK-OV-3 cells were first transfected with the ecdysone-inducible system regulatory vector, pVgRXR (Invitrogen) and selected with 500 mg/ml Zeocin (Cayla) to establish recombinant SK-OV-3 Zeo R cells that stably express the ecdysone receptor. Clones were isolated and were next transfected with a pIND vector (Invitrogen) that either contained or did not contain a 1.2-kb fragment of the cDNA encoding wild-type p53 (p53wt). Stably transfected cells were selected with 500 mg/ml G418 (Sigma). Individual clones were then screened for the inducible expression of wild-type p53 after treatment with 10 mM ponasterone (an analogue of ecdysone, Invitrogen) for 48 h by western analysis. The integration of the pVgRXR and the pINDwtp53 (or the pIND as control) was confirmed by Southern blot in recombinant Zeo R G418 R clones. The established recombinant cell lines (SK-OV-3/pVgRXR/pINDp53wt and control SK-OV-3/pVgRXR/pIND) were subsequently grown in complete RPMI 1640 medium supplemented with 250 mg/ml Zeocin and 400 mg/ml G418 to maintain the selection pressure.
g Irradiation and DNA extraction Cells were irradiated on ice with a 137 Ce source for blood products (IBL 437C, Cis-Bio International) at graded doses (dose rate 6.7 Gy/min) and were then lysed immediatly to measure the amount of DNA strand breaks or allowed to repair for different times in culture before lysis. Genomic DNA was isolated and purified by the salt lysis method (21) .
Detection of DNA strand breaks by Southern analysis
Genomic DNA was restricted with HindIII and treated with (for detection of total SSB) or without (for detection of DSB) 100 mM NaOH for 30 min at 37 C. Equal samples were electrophoresed in 0.6% alkaline (for total SSB) or neutral (for DSB detection) agarose gels at 30 V for 16 h and then transferred to nylon membranes, as described previously (17, 18) . The membranes were hybridized with a randomly 32 P-labeled probe pA BB (Ready-to-go kit, Pharmacia) for the rDNA, which detects a 22 kb-fragment containing the 28S region of human rDNA (Figure 1) . Intensity of the DNA bands was quantified using a PhosphorImager TM and ImageQuant software (Molecular Dynamics Inc.). The average frequency of strand breaks in the gene of interest was calculated from the amount of DNA present in the irradiated sample and compared with the unirradiated control. We applied the Poisson expression [Àln (irradiated/ unirradiated)] to calculate the number of breaks/10-kb fragment. Data were generated from three biological experiments and two gels/experiment.
Results and discussion
In order to assess the involvement of p53 in the repair of DNA strand breaks in an isogenic system, we have stably transfected human ovarian SK-OV-3 cells, which harbor a deletion of the p53 gene (15) , with vectors that allow the inducible expression of wild-type p53. We used the pIND and pVgRXR vectors, components of an ecdysone-inducible mammalian expression system (16) . SK-OV-3 cells were first transfected with the ecdysone-inducible system regulatory vector, pVgRXR, and selected with Zeocin to establish recombinant SK-OV-3 Zeo R cells that stably express the ecdysone receptor. We next cloned the cDNA encoding human p53wt into the vector pIND, to obtain pINDp53wt. This construct was transfected into the SK-OV-3 cells, which already contained pVgRXR. After transfection and double selection using G418 (selection for p53) and Zeocin (selection for pVgRXR) for 2 weeks, 18 transfectant cell lines were established, which were subsequently grown in the presence of both antibiotics for several weeks. Of these, four cell lines could be induced to generate p53 at various expression levels after treatment with 10 mM ponasterone for 24 h. We selected one of the transfectants, SK-OV-3/pVgRXR/ pINDp53wt for further study, since it displayed the highest induction of p53 in the presence of ponasterone and no background expression without ponasterone. In parallel, we have also established a control transfectant cell line SK-OV-3/pVgRXR/pIND using pIND without cloning p53. Both recombinant cell lines SK-OV-3/pVgRXR/pINDp53wt and control SK-OV-3/pVgRXR/pIND did not show obvious morphological changes and their doubling time was only slightly reduced when compared with the untransfected SK-OV-3 cells.
Using the control SK-OV-3/pVgRXR/pIND cell line that did not carry the p53 gene, we began by performing a dose--response experiment to determine the amount of DSBs produced by g irradiation. DNA strand breaks can be quantitated at the level of individual genes (17, 18) , using a methodology similar to that previously described for the detection of UV dimers, which utilizes agarose gel electrophoresis, followed by a quantitative Southern analysis (22) . Using this assay, presence of strand breaks in the DNA fragment of interest appears as a less intense full-length band on the Southern blot. We decided to measure the number of g irradiation-induced DSBs in a 22 kb-HindIII rDNA fragment (Figure 1 ), using neutral agarose gel electrophoresis. Since data from the literature have shown that doses 5500 Gy do not allow the detection of strand breaks in a small target such as the rDNA fragment (18), we first tried to detect DNA strand breaks following IR doses ranging from 500 to 800 Gy. Surprisingly, the frequency of DSBs introduced after those irradiations was so high that we were able to detect only very faint bands corresponding to the genomic region of interest. The detection of high yields of DSBs detected in Zeo R SK-OV-3 cells following 600 Gy is illustrated in Figure 2A . We then performed an assay to detect DSBs following much lower irradiation doses than induced previously. As shown in Figure 2A , we were able to determine a significant level of DSBs or breaks on opposite strands in close proximity, which were produced in the rDNA fragment following g irradiation with 20 and 50 Gy. The dose of 50 Gy introduced~0.2 DSB/10 kb-fragment ( Figure 2B ), an amount that is 60 to 70 times higher than the yield of DSBs usually measured in mammalian cells (3) . Since it is difficult to conceive of such a high yield of DSBs produced after 50 Gy, we hypothesized that the antibiotic Zeocin, a bleomycin analogue that we added in the culture medium to maintain the expression of the ecdysone receptor, was not completely detoxified and still able to cleave DNA. To support this hypothesis, we determined the level of strand breaks induced by g irradiation in the control recombinant cells grown for several days in a medium without Zeocin. As shown in Figure 3A , we were not able to detect DSBs up to a dose of 600 Gy. Total SSBs introduced in the rDNA fragment were also measured following the same IR dose--response in cells grown without Zeocin, using alkaline gel electrophoresis followed by Southern blot analysis. This assay reveals SSBs as a whole, including both SSBs and DSBs, as well as abasic sites and sites of incomplete repair. The dose of 600 Gy introduced~0.35 SSB/10 kbfragment ( Figure 3A) , a measurement that is consistent with previous studies quantifying SSB formation by Southern blots (18, 23) and with studies measuring SSB production by other techniques (24, 25) . This strongly suggested that the high rate of DSBs, which we previously detected in the Zeo R recombinant cells, was due to DNA cleavage by Zeocin in addition to exposure to g irradiation.
Finally, to confirm that the presence of Zeocin in the medium was responsible for a significant production of strand breaks, we measured the yield of SSBs at the level of the rDNA gene from unirradiated Zeo R G418 R SK-OV-3 cells growing in the presence or in the absence of Zeocin. As expected, alkaline gel electrophoresis revealed a high generation of SSBs in this genomic region in cells grown in medium supplemented with 250 mg/ml Zeocin, compared with cells grown in the absence of the antibiotic ( Figure 3B ). We estimated that 460% of the DNA fragments analyzed contained at least 1 SSB when the cells were grown in medium supplemented with Zeocin. This significant number of SSBs caused by the chronic cell exposure to Zeocin is probably the result of a balance between the process of strand break formation and repair. It should be noted that we were not able to detect DSBs at the level of the rDNA gene using neutral gel electrophoresis when unirradiated cells were grown in the presence of Zeocin ( Figure 3B ). These results indicate that the Zeocin treatment induced a significant amount of SSBs, but not DSBs, in the DNA fragment of interest in Zeo R SK-OV-3 cells. The formation of DSBs was only visualized in these cells following g irradiation in the presence of Zeocin, as shown in Figure 2A . Therefore, we found greater DSBs formation following the combination treatment (Zeocin and g irradiation) than expected from the individual frequency induced by each treatment alone. This was observed previously following bleomycin--radiation combination, which had an enhancing effect on the formation of DNA strand breaks in treated CHO cells (26) .
Our data clearly demonstrate that Zeocin is still able to cleave DNA despite the expression of the Sh ble resistance gene in recombinant Zeo R SK-OV-3/pVgRXR/pIND cells. Since SK-OV-3 cells, similar to many p53-null ovarian cancer cell lines, are known to be radioresistant (27) , we examined the consequences of p53 deficiency on the Zeocin-induced SSB formation in our recombinant cells. Using the Zeo R SK-OV-3/ pVgRXR/pINDp53wt clone that displayed the highest induction of p53 following treatment with ponasterone, we measured total strand breaks at the level of the rDNA gene. As previously observed with the control SK-OV-3/pVgRXR/pIND cell line ( Figure 3B ), we found a significant amount of SSBs at the level of the DNA fragment of interest, when SK-OV-3/pVgRXR/ pINDp53wt cells were grown in the presence of Zeocin and in the absence of ponasterone (data not shown). In addition, restoration of the p53 function by ponasterone induction did not markedly affect the total amount of DNA strand breaks produced in Zeo R SK-OV-3/pVgRXR/pINDp53wt cells grown in a medium supplemented with Zeocin (data not shown), indicating that the absence of p53 expression in Zeo R SK-OV-3 cells could not account for the significant amount of strand breaks detected in the presence of Zeocin.
Thus, our findings imply that Zeocin is not fully detoxified by the Sh ble protein expressed in Zeo R recombinant SK-OV-3 cells. This suggests that these cells exposed to chronic doses of a radiomimetic drug during clonal selection and subsequent proliferation may have undergone cumulative damages for a large number of divisions. Biological consequences of such a chronic exposure may include mutagenesis and/or adaptive response (28, 29) , indicating that genomic integrity and metabolism of the recombinant cells may have been altered.
In conclusion, our study indicates that one needs to be very cautious in the interpretation of data involving stable cell lines selected with Zeocin.
